ABSTRACT: The variant histone macroH2A helps maintain X inactivation and gene silencing. Previous work implied that nucleosomes containing macroH2A cannot be remodeled by ISWI and SWI/SNF chromatin remodeling enzymes. Using approaches that prevent misassembly of macroH2A nucleosomes, we find that macroH2A nucleosomes are excellent substrates for both enzyme families. Interestingly, SWI/SNF, which is involved in gene activation, preferentially binds H2A nucleosomes over macroH2A nucleosomes, but ACF, an ISWI complex implicated in gene repression, shows no preference. Thus, macroH2A may help regulate the balance between activating and repressive remodeling complexes.
Incorporation of variant histones into nucleosomes is one major method by which cells regulate the function of specific chromatin regions. One example is found on the inactive X chromosome in female mammals, which is enriched in the H2A variant macroH2A. MacroH2A consists of three regions: an N-terminal histone domain, a 38-residue linker region, and a C-terminal macro domain that, at 25 kDa, is almost twice the size of H2A (1) . Incorporation of macroH2A into the inactive X is thought to play an important role in maintaining silencing through subsequent cell divisions (2, 3) . MacroH2A is also important for constitutive silencing of some autosomal genes, such as the IL-8 gene in B cells, and is enriched in senescence-associated heterochromatic foci, domains of repressed transcription associated with cell aging (4, 5) .
The mechanism by which macroH2A contributes to gene silencing remains unknown. Recent biochemical experiments have suggested that nucleosomes containing the macro domain completely fail to be remodeled by both yeast SWI/SNF and Drosophila ACF, members of the SWI/SNF and ISWI families of ATP-dependent chromatin remodeling complexes, respectively (6, 7) . Further, these studies implied that nucleosomes containing just the histone domain of macroH2A cannot be remodeled by yeast SWI/SNF (7) . These results were surprising on two fronts. First, while SWI/SNF complexes are generally involved in transcriptional activation, ACF complexes are almost exclusively involved in transcriptional silencing. Thus, it was unexpected that macroH2A nucleosomes would be poor substrates for ACF. Second, subsequent crystal structures of nucleosomes containing the histone domain of macroH2A show it to be structurally very similar to H2A nucleosomes (8) . Thus, it was not clear how the histone domain alone could interfere with nucleosome remodeling.
These unexpected results may partly be explained by the recent observation that macroH2A is more likely than H2A to form noncanonical nucleosome structures when assembled in vitro. In these studies nucleosomes assembled from histone octamers were found to be composed of two species, one of which is refractory to heat shifting and hypothesized to contain a noncanonical histone composition (9) . Our two laboratories independently addressed this possibility using macroH2A nucleosomes assembled with controls against noncanonical nucleosome structures. We find that, contrary to previous results, our macroH2A nucleosomes are good substrates for activity with both SWI/SNF and ACF complexes. We further show that, under direct competition conditions. SWI/SNF complexes preferentially bind H2A nucleosomes over macroH2A nucleosomes, while ACF shows no preference.
EXPERIMENTAL PROCEDURES
Protein Purification. The FLAG-tagged hSWI/SNF complex was affinity purified as described previously from HeLa nuclear extracts obtained from the National Cell Culture Center (10) . TAP-tagged RSC and ySWI/SNF were affinity purified from Saccharomyces cereVisiae as described previously (11) . The human ACF complex was assembled and purified from Sf9 cells as previously described (12) .
Nucleosome Assembly. Nucleosomes used for chromatin remodeling by the human enzymes were based on a DNA template containing the 601 positioning sequence, modified as previously described to contain a PstI restriction site 18 bp from one end (13) . DNA constructs were generated by PCR using primers complementary to various sites flanking the 601 sequence (sequences available upon request). Two templates were generated. One contained the 601 site at one end and 78 bp of flanking DNA on the other (0/80 template). The other template contained 20 and 60 bp of flanking DNA on either side of the 601 sequence (20/60 template). 0/80 DNA was used for assembly of nucleosomes for hACF assays, whereas the 20/60 DNA template was used for assembly of nucleosomes for hSWI/SNF assays. For the experiments depicted in Figure 4 , H2A nucleosomes contained DNA end-labeled with Cy3 and mH2A-HD 1 nucleosomes contained DNA end-labeled with Cy5. These fluorescent labels were incorporated by using appropriately endlabeled fluorescent primers.
Nucleosomes used for chromatin remodeling by the yeast enzymes were based on the MMTV nucleosome A sequence. DNA was generated by preparative PCR using fluorescently labeled primers from Eurogentec. The PCR-amplified DNA fragments were purified by ion exchange chromatography on a 1.8 mL SOURCE 15Q (Pharmacia) column. The DNA fragments used were amplified from the MMTV nucleosome A sequence. We have adopted the nomenclature of 54A18, to describe a 54 bp extension upstream and 18 bp extension downstream. The oligos used to generate fragment 54A18 were 5′TATGTAAATGCTT ATGTAAACCA and 5′TACA-TCTAGAAAAAG GAGC. For the experiments depicted in Figure 3b , the DNA used to assemble H2A nucleosomes was end-labeled with Cy3 and that used for mH2A nucleosomes with Cy5.
MacroH2A1.2 was expressed and purified as a dimer with H2B from BL21(DE3)-pLysS cells (Stratagene). A pCDFDuet-1 plasmid encoding both H2B and a C-terminal twoFlag-tagged macroH2A1.2 was transformed into BL21(DE3)-pLysS cells and used to seed 50 mL starter cultures grown overnight to saturation with selection in both chloroamphenicol and spectinomycin. Starter cultures were used to seed 2 L of antibiotic-selected medium and grown to approximate absorbances of 0.7-0.8 before induction with 0.4 mM IPTG for 3 h. MacroH2A/H2B dimer was then purified first through a FLAG affinity column and subsequently diluted to 0.1 M NaCl. Nucleotide and DNA contaminants were removed by incubation with Q resin in batch for 30 min. The supernatant was removed and bound in batch to SP resin for 1 h. Bound resin was loaded onto a column and washed with 10-20 column values (c.v.) of Histones H2A, H2B, mH2A-HD, H3, and H4 were purified as previously described (8, 14) . H2A/H2B dimer, mH2A-HD/H2B dimer, and H3/H4 tetramer were assembled by refolding individual histones together by dialysis out of unfolding buffer [7 M guanidinium, 20 mM Tris (pH 7.5), and 10 mM DTT] into refolding buffer containing 2 M NaCl, 10 mM Tris (pH 7.5), 1 mM EDTA, and 5 mM 2-mercaptoethanol. The tetramer and dimers were purified away from aggregates by size-exclusion chromatography on a Superdex 200 HR 10/30 column (GE Healthcare) (14) . MacroH2A and macroH2A-HD nucleosomes were assembled by mixing a 3:1:1 molar ratio of macroH2A/H2B dimer, tetramer, and DNA followed by salt gradient dialysis as previously described (9) . Properly assembled nucleosomes were subsequently isolated through glycerol gradient ultracentrifugation in the presence of 0.1% Igepal CA-630. Stoichiometric ratios of histones in the purified nucleosomes were confirmed through SYPRO red staining. Nucleosomes containing H2A were assembled as described above, at a 2:1:1 H2A/H2B dimer:tetramer:DNA molar ratio, or from octamer as previously described (14) . Briefly, octamer was assembled by mixing H2A, H2B, H3, and H4 in a molar ratio of 1.2:1.2: 1:1 in unfolding buffer and dialyzing into refolding buffer (14) . Octamer was then purified by size exclusion before assembly onto equimolar quantities of DNA template through salt dialysis and subsequent glycerol gradient purification as described above. The two methods used for assembling H2A-containing nucleosomes did not alter the histone composition as determined by SYPRO red staining or the basic nucleosome properties as determined by mobility on native polyacrylamide gels.
Gel Mobility Shift Experiments. Human SWI/SNF gel mobility shift experiments were performed in reaction buffer containing 40 mM KCl, 3 mM MgCl 2 , 0.04% Igepal CA-630, 12% glycerol, 0.64 mM EDTA, 8 mM HEPES (pH 8), and 8 mM Tris (pH 7.5). Saturating enzyme conditions included 30 nM hSWI/SNF mixed with 10 nM nucleosome and 2 mM ATP. For limiting enzyme conditions, including direct competition between H2A-and macroH2A-containing nucleosomes, 12 nM hSWI/SNF and 60 nM total nucleosomes were used. This substrate concentration was significantly higher than the published K d values for SWI/SNF (15) . Reaction mixtures were incubated at 30°C and reactions stopped with a mix of ADP and competing stop plasmid DNA as previously described (13) . Resulting products were run on native 5% (v/v) polyacrylamide gels run in 0.5× TBE and visualized by SYBR gold staining (Invitrogen) on a Typhoon Variable Mode Imager (Amersham). ImageQuant (GE Healthcare) was used to quantify band intensities, which were used to calculate the fraction of total nucleosomes corresponding to the unremodeled state for each time point, normalized to time zero. We note that, at time zero, in addition to the major nucleosomal bands marked in the figures, there are other minor species of histone-DNA complexes that migrate at different rates. These are most likely nucleosomes positioned differently on the DNA template or other histone-DNA complexes. However, the major starting nucleosome band is cleanly distinguishable from both the additional and product bands. We therefore assessed remodeling by quantifying how the major substrate band changed over time as a fraction of all the bands visible on the gel.
For the single-turnover experiments, rate constants were determined by fitting the fraction of nucleosomes repositioned over time to a single exponential. For the multipleturnover experiments in Figures 2 and 3A , initial rates were obtained from the first 5 min of the reaction, which corresponds to the linear region of the time course. Data shown for the multiple-turnover experiments were fit by excluding the minor bands from the quantification. However, this did not alter the relative rates of remodeling for macroH2A versus H2A nucleosomes (data not shown).
Yeast SWI/SNF and RSC competition reactions were performed using each nucleosome sample at 0.1 mM in a In the left and middle panels, H2A nucleosomes assembled onto Cy3-labeled 54A18 DNA were mixed with an equal quantity of macroH2A nucleosomes assembled on Cy5-labeled DNA and visualized separately. After incubation for 40 min with RSC, 57% of H2A nucleosomes are removed from the original location while only 7% of macroH2A nucleosomes were repositioned in the same reaction (∼18-fold difference). In the right panel, in comparison, when macroH2A nucleosomes were incubated alone with RSC, 52% of nucleosomes were repositioned from their original location after 40 min. Long arrows denote unremodeled macroH2A nucleosomes and short arrows unremodeled H2A nucleosomes. FIGURE 4: SWI/SNF complexes are recruited equally well to macroH2A histone fold (macroH2A-HD) nucleosomes and H2A nucleosomes. (A) RSC (40 nM) was used to reposition H2A and macroH2A-HD nucleosomes. The sum of all downshifted positions was measured relative to the initial +70 position (right panel). A proportion of nucleosomes is deposited at an additional position designated with an asterisk that has been described previously and not used in analysis (16) . In addition, a substantial proportion of macroH2A-HD nucleosomes was deposited at the location designated with two asterisks. (B) H2A (30 nM) and macroH2A-HD (30 nM) nucleosomes were mixed together with 12 nM hSWI/SNF. The DNA of the macroH2A-HD nucleosomes is end-labeled with Cy5 and that of H2A nucleosomes with Cy3. reaction buffer containing 50 mM NaCl, 50 mM Tris (pH 7.5), 3 mM MgCl 2 , and 1 mM ATP. Samples were incubated at 30°C with the amount of remodeling enzyme and for the times specified in the figures. The reactions were stopped by adding 500 ng of HindIII-digested bacteriophage lambda competitor DNA and 5% (w/v) sucrose and placing the mixtures on ice. Samples were run onto prepared 0.2× Trisborate-EDTA-5% native polyacrylamide gels for 3 h at 300 V at 4°C with pump recirculation. The gels were scanned in a Fuji Phosphoimager FLA-5100 instrument, and the bands were quantitated with Aida (Fujifilm). End positions of nucleosomes are labeled in the figures as previously described (16) . The initial rates were determined by measuring the intensity at the end position(s) relative to the sum of the initial and end positions. The data were adjusted to give 0% repositioned at time zero. The values were fitted nonlinearly to a hyperbolic curve using the Solver add-in function in Microsoft Excel over 1000 iterative cycles. The initial rate was calculated by differentiation of the curve, to extrapolate the linear part of the reaction and solve for the point at which time equals zero. For each comparison, the rate of macroH2A-HD nucleosomes was divided by that of majortype H2A to determine the relative rate. The initial rate, mean and standard deviation, was determined from triplicate measurements.
ACF gel mobility shift experiments were performed at 30°C in ACF reaction buffer [30 mM KCl, 3 mM MgCl 2 , 0.05% Igepal CA-630, 12% glycerol, 0.56 mM EDTA, 6 mM HEPES (pH 8), and 10 mM Tris (pH 7.5)]. Because hACF activity under saturating ATP conditions is on a time scale too fast to be accurately measured by gel shift analysis, we used a subsaturating ATP concentration of 4 µM. For saturating enzyme conditions, 25 nM hACF was mixed with 10 nM nucleosomes and incubated for the times indicated. For limiting enzyme conditions, 5 nM hACF and a saturating concentration of 160 nM total nucleosome were used based on previous work and data not shown (17) . The reactions were processed and the data quantified as described for the human SWI/SNF experiments.
RESULTS
A key step in salt dialysis-mediated assembly of nucleosomes is the dissociation of the H2A/H2B dimer from the H3/H4 tetramer before association with DNA. However, a recent study has shown that preassembled octamers containing macroH2A remain stable from 2 to 0.5 M NaCl. Because deposition of the tetramer onto DNA during in vitro nucleosome assembly occurs at ∼1 M NaCl, the unusual stability of mH2A octamers is thought to inhibit this key step and result in nucleosomes with noncanonical structures (9) . We therefore independently reinvestigated the activity of SWI/SNF and ACF complexes on macroH2A nucleosomes assembled from individually purified macroH2A/H2B dimers and H3/H4 tetramers to ensure proper ordered deposition of the histones (Experimental Procedures). Proper histone content was confirmed using SYPRO red staining ( Figure 1 of the Supporting Information).
To re-examine the effects of macroH2A on ATP-dependent chromatin remodeling, we dissected its effects on both the maximal rate of chromatin remodeling and binding by the complexes. To determine the effects on the maximal rate of remodeling, we used excess and saturating remodeling complex and measured remodeling activity by the native gel shift. As previously shown, SWI/SNF forms a varicty of products, most of which migrate faster than the unremodeled 20/60 nucleosomes. In contrast, hACF products migrate slower than its 0/80 nucleosomal substrate ( Figure 1A) . In each case, saturating conditions were confirmed by showing that the maximal rates were the same across a 2-5-fold variation in enzyme concentration (13, 15) . Under these single-turnover conditions, hSWI/SNF and ACF both remodel the two types of nucleosomes at similar maximal rates (Figure 1B,C; complete gels available in Figure 2 of the Supporting Information).
These results suggest macroH2A nucleosomes are excellent substrates for remodeling by hSWI/SNF and hACF. However, because these experiments were carried out with saturating enzyme, they cannot reveal any differences in binding. Previous work has shown that SWI/SNF and ACF complexes bind to nucleosomes with K d values in the lower nanomolar range, making it technically challenging to measure absolute binding affinities, because it is difficult to avoid titration conditions (18) . We therefore measured relative binding affinities by setting up a competition between macroH2A and H2A nucleosomes. Such an assay has been previously used to determine which of two chromatin substrates is the preferred binding partner of SWI/SNF (19) . Our competitive reactions were designed such that a limiting amount of remodeling complex would have to choose between excess and equal concentrations of each type of nucleosome. Under these conditions, the enzyme partitions between the two types of nucleosomes in proportion to its K d for each nucleosome and, once bound, remodels each type of nucleosome with its respective maximal rate. As a result, the relative rates of remodeling reflect differences in binding affinity as well as differences in maximal rates of remodeling. Our results ( Figure 1B) indicate that both types of nucleosomes are remodeled at similar maximal rates by SWI/SNF. ACF also remodeled both types of nucleosomes at similar maximal rates under the conditions specified ( Figure 1C) . Therefore, in our competitive remodeling assays, the relative rates of remodeling essentially reflect differences in binding affinity.
hACF remodels both types of nucleosomes with similar rates when they are presented to hACF individually ( Figure 2 , bottom panel, and Figure 3 of the Supporting Information). When the two types of nucleosomes are mixed, ACF still remodels them with similar rates ( Figure  2 , top and middle panels). This indicates that hACF does not have a strong preference for binding either type of nucleosome. If hSWI/SNF is presented with each nucleosome separately, both types of nucleosomes are remodeled with similar rates ( Figure 3A, right panel) . If, however, the two types of nucleosomes are mixed and competing for the same hSWI/SNF molecules, H2A-containing nucleosomes are remodeled much more rapidly than macroH2A-containing nucleosomes ( Figure 3A , left and middle panels). When normalized to the slightly different rates of nucleosome remodeling observed for each nucleosome alone, hSWI/SNF prefers H2A over macroH2A nucleosomes by 9-fold.
Interestingly, the RSC complex, a major yeast member of the SWI/SNF family, also prefers to bind H2A nucleosomes over macroH2A-containing nucleosomes. In these experiments, nucleosomes were assembled onto a fragment of DNA derived from the MMTV promoter ( Figure 1A ). When presented with macroH2A nucleosomes alone, RSC is able to efficiently remodel the nucleosomes ( Figure 3B , right panel). However, like hSWI/SNF, RSC preferentially remodels H2A nucleosomes over macroH2A nucleosomes under competitive conditions ( Figure 3B , left and center panels).
We next re-examined if, as previously proposed, nucleosomes containing just the histone domain of macroH2A are poor substrates for SWI/SNF. We find that RSC ( Figure 4A ) and hSWI/SNF ( Figure 4B ) do not show a strong preference for H2A nucleosomes in competition with nucleosomes containing just the histone domain of macroH2A. This indicates that the reduced level of recruitment of SWI/SNF complexes to macroH2A nucleosomes seen in Figure 3 is due to the macro domain.
DISCUSSION
Our results indicate that, in contrast to previous results, macroH2A nucleosomes can be efficiently remodeled by both SWI/SNF and ACF complexes. Interestingly, while we find macroH2A does not affect the maximal rates of remodeling, it specifically reduces the level of recruitment of SWI/SNF but not ACF. Further, in contrast to the previous observations that nucleosomes with only the histone domain of macroH2A are poor substrates for SWI/SNF, we find that the histone domain of macroH2A behaves almost identically to H2A in all our assays.
The observation that yeast RSC also preferentially interacts with H2A nucleosomes suggests that the mammal-specific macroH2A may function in part by utilizing conserved differences between ACF and SWI/SNF remodelers. SWI/ SNF complexes are large and contain at least eight different subunits (20) (21) (22) (23) . ACF is significantly smaller and consists of only two subunits (24) . Binding to macroH2A nucleosomes may require some structural rearrangement in the larger SWI/SNF complexes to accommodate the sizable macro domains ( Figure 5A) . It is also possible that the most stable arrangement of the macro domain blocks productive SWI/SNF binding and that the macro domain must first be repositioned via the flexible linker region to allow SWI/SNF binding and subsequent activity ( Figure 5B) .
Our results suggest one strategy by which macroH2A can help maintain gene silencing. While SWI/SNF family complexes are more often involved in gene activation (25, 26) , ACF is primarily involved in gene silencing (27, 28) . This is linked to ACF's ability to position nucleosomes equidistant from each other, an apparent prerequisite for heterochromatin establishment (24, 28) . ACF is also associated with Polycomb group proteins, of which Polycomb complex PRC1 was recently found to be required in the early maintenance of the inactive X chromosome (3). Thus, to selectively maintain heterochromatin and prevent transcription, macroH2A may have evolved to preferentially allow binding by the repressive ACF complexes over the activating SWI/SNF complexes. In a model where different ATP-dependent remodeling complexes compete to fulfill their functions, one role of macroH2A may be to shift the balance in favor of maintenance of repressive chromatin, while still maintaining the ability to be remodeled by activating remodeling complexes should they be recruited at sufficient levels.
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